Metazoan replication-dependent histone mRNAs are the only known cellular mRNAs that are not polyadenylated. Histone mRNAs are present in large amounts only in S-phase cells, and their levels are coordinately regulated with the rate of DNA replication. In mammals, the stemloop at the 3 0 end of histone mRNA is bound to stemloop binding protein, a protein required for both synthesis and degradation of histone mRNA, and an exonuclease, 3 0 hExo (ERI1). Histone mRNAs are rapidly degraded when DNA synthesis is inhibited in S-phase cells and at the end of S-phase. Upf1 is also required for rapid degradation of histone mRNA as is the S-phase checkpoint. We report that Smg1 is required for histone mRNA degradation when DNA replication is inhibited, suggesting it is the PI-like kinase that activates Upf1 for histone mRNA degradation. We also show that some mutant Upf1 proteins are recruited to histone mRNAs when DNA replication is inhibited and act as dominant negative factors in histone mRNA degradation. We report that the pathway of rapid histone mRNA degradation when DNA replication is inhibited in S-phase cells that are activating the S-phase checkpoint is similar to the pathway of rapid degradation of histone mRNA at the end of S-phase.
Introduction
Animal replication-dependent histone mRNAs are the only cellular mRNAs that are not polyadenylated, ending instead in a conserved stemloop sequence. Histone genes do not contain introns, and the only processing reaction necessary for histone mRNA formation is cleavage to form the 3 0 end. The stemloop at the 3 0 end of histone mRNA binds to the stemloop binding protein (SLBP), which is necessary for histone pre-mRNA processing. SLBP remains bound to histone mRNA as part of the cytoplasmic histone mRNP and is essential for translation. Histone mRNAs are tightly regulated during the cell cycle and are present in large amounts only in S-phase. In mammalian cells, the biosynthesis of histone mRNAs increases dramatically as cells enter S-phase, primarily owing to the large increase of SLBP, resulting in the activation of histone premRNA processing [1] . At the end of S-phase, histone mRNAs are rapidly degraded, returning to the low levels present in G1 cells by mitosis [2] . Thus, most of the regulation of histone mRNA levels is posttranscriptional and is mediated through the stemloop at the 3 0 end of histone mRNA. The histone mRNA formed in the nucleus is cleaved 5 nts after the stemloop [3] , in a reaction that requires holo-U7 snRNP, which contains a subset of polyadenylation factors, including CPSF73, which catalyses the cleavage of premRNA [4] . This is the only processing reaction, other than co-transcriptional capping, required for histone mRNA maturation. However, the cytoplasmic histone mRNA has only 3 nts after the stemloop as a result of the removal of 2 nts by 3 0 hExo, a 3 0 -5 0 exonuclease that binds to the stemloop together with & 2018 The Author(s) Published by the Royal Society. All rights reserved.
SLBP [5, 6] . The cytoplasmic histone mRNA is bound to both SLBP and 3 0 hExo (figure 1a). In the presence of SLBP, 3 0 hExo is blocked from continuing the 3 0 -5 0 degradation of the histone mRNA.
Histone mRNAs are present in high concentrations only in S-phase and are rapidly degraded at the end of S-phase (figure 1b). SLBP, which is essential for both histone premRNA processing and translation of histone mRNA, is also cell cycle regulated [1] . As a result, the 3 0 end of histone mRNA is a major cis-element regulating both histone mRNA synthesis and degradation during the cell cycle. Inhibition of DNA replication in S-phase cells results in rapid degradation of histone mRNA [8] (figure 1b). However, SLBP is not degraded when DNA replication is inhibited in S-phase but is only degraded at the end of S-phase [9] .
In all mammalian histone mRNAs (approximately 50 different genes for the 5 histone proteins (10 -15 copies of each core histone gene and 5 histone H1 genes), the conserved 26 nt region containing the stemloop (figure 1c) starts 24-75 nts after the stop codon [10] . A critical step in histone mRNA regulation is the rapid degradation of the mRNA when DNA synthesis is inhibited in S-phase or at the end of S-phase. The position of the stemloop is a critical parameter for regulation of histone mRNA degradation. It must be far enough from the stop codon to allow SLBP to remain bound during translation; if it is closer than 20 nts from the stop codon, then the histone mRNAs do not accumulate and are rapidly degraded [11] . It also must be close enough to the stop codon to allow communication between the stem loop and terminating ribosome to activate histone mRNA decay. If the stemloop is moved 200-300 nts after the stop codon, histone mRNAs are no longer degraded when DNA replication is inhibited [11, 12] . We directly demonstrated that translation of histone mRNA is essential for degradation by using histone mRNAs with an IRE in the 5 0 UTR to regulate the translation of the mRNA [11] . Supporting the idea that degradation of histone mRNA is tightly coupled to translation was the finding that Upf1 is required for histone mRNA degradation [13] . Upf1, which functions in nonsense-mediated decay (NMD) [14] , as well as staufen-mediated decay [15] , interacts with the terminating ribosome when termination is inefficient. In NMD, Upf1 is recruited to the stop codon, is activated by phosphorylation by Smg1, and subsequently recruits the NMD cofactors Upf2, Upf3 and SMG5, 6 and 7. The requirement for Upf1, as well as the necessity for the stop codon to be close to the stemloop, led us to propose that termination of histone mRNA translation is impaired as part of the signal that activates histone mRNA degradation [13] .
In the 1980s, Jeff Ross and coworkers showed that histone mRNA degradation was likely initiated 3 0 -5 0 [16,17] and identified a histone-specific exonuclease activity associated 0 ends of the HIST2H2AA3 mRNAs from HCT116 S-phase cells, determined by high-throughput sequencing using the End-Seq approach [7] . The x-axis displays the nts at the 3 0 end of the mRNA, with numbers referring to the drawing of the stemloop. The bars indicate the number of RNAs ( y-axis) that have their last templated nt at that position. Blue indicates the RNA ends with the last templated nt, green indicates there was a single U added at that site, orange indicates there were two Us added at that site, and red indicates that there were more than 2 nts added at that site.
rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 373: 20180170 with polyribosomes that might be responsible for the initial steps in histone mRNA degradation [18, 19] . This activity was almost certainly the 3 0 -5 0 exonuclease, 3 0 hExo, which we cloned as a protein that specifically bound the stemloop RNA [20] . In vitro in the presence of SLBP, 3 0 hExo can remove 2-3 nts from the 3 0 end of histone mRNA, but further 3 0 -5 0 degradation is blocked by SLBP [6] . Although our extensive attempts to affect histone mRNA degradation by RNAi knockdown of 3 0 hExo did not alter the rapid degradation of histone mRNA [20, 21] , when the 3 0 hExo gene was knocked out in mice, histone mRNAs were stabilized and were no longer rapidly degraded when DNA replication was inhibited [22] .
Using RNA interference against known factors involved in mRNA degradation, we found that the largest effects on histone mRNA degradation resulted from knockdown of the exosome, Lsm1 or Upf1 [21] . Knockdown of the decapping enzyme, Dcp2, or the 5 0 -3 0 exonuclease, Xrn1, had a smaller effect on degradation [21] , and knockdown of Dis3L2 had no detectable effect [23] .
In our initial attempts to determine the intermediates in histone mRNA degradation, we used circularization of putative degradation intermediates. We found that individual histone mRNA molecules could be simultaneously degraded 5 0 -3 0 and 3 0 -5 0 . We cannot determine the relative importance of the 5 0 -3 0 and 3 0 -5 0 degradation from our studies, and it is very possible that most molecules undergo both 5 0 -3 0 and 3 0 -5 0 degradation. We also found that some histone mRNAs were oligouridylated in the stemloop [21]. Since we were not able to identify enough degradation intermediates to deduce the likely pathway of histone mRNA degradation, we subsequently developed a high-throughput sequencing strategy to identify the 3 0 ends of histone mRNAs and their degradation intermediates, which also allowed us to identify any non-templated nts added to the degradation intermediates [23] .
Two of the major questions that remain are: (1) How does Upf1 function to initiate histone mRNA degradation? (2) Since the S-phase checkpoint signal, which is involved in triggering histone mRNA degradation in S-phase cells when DNA synthesis is inhibited, is not activated at the end of S-phase, is the pathway of histone mRNA degradation similar at the end of S-phase? Here, we present additional evidence that the initial step in degradation is likely recruitment of Upf1 to the histone mRNP as a result of inefficient translation termination, followed by the activation of Upf1 by Smg1. We also show that the same degradation pathway is activated at the end of Sphase, as when DNA replication is inhibited in mid-S-phase, based on the similar pattern of uridylation and degradation intermediates that accumulate as cells exit S-phase.
Material and methods (a) Plasmid construction, cell lines and antibodies
All primers used in this study are available upon request. The SLBP coding region was amplified by polymerase chain reaction (PCR) using primers that added a NotI site at its N-terminus and an AscI site at its C-terminus, and the digested amplicon was ligated into the pGLUE-C vector [24] (Ben Major, UNC) that had been digested with the same enzymes. pGLUE-SLBP was then stably transfected into HeLa cells to produce the SLBP-streptavidin-binding peptide (SBP) cell line. pcDNA3-HA-UPF1, pcDNA3-UPF1 (K498A) and pcDNA3-UPF1 (R843C) plasmids [6] were stably transfected into HeLa cells to form the corresponding cell lines. All HA-UPF1 truncation plasmids were constructed by amplifying the regions of interest from pcDNA3-HA-UPF1 with primers that added a HindIII site at the 5 0 end and XbaI site at the 3 0 end of the amplicon. The digested amplicons were ligated into pCDNA3-HA-UPF1 that had been digested with the same enzymes, which removed the entire UPF1 coding region, and the final plasmids were either transiently or stably transfected into HeLa cells or the SLBP-SBP cell line.
The anti-SLBP antibody has been described [1] ; the anti-UPF1 antibody was kindly provided by L. Maquat, and the anti-Smg1 antibody was from Abcam.
(b) RNA interference
The SMG1 siRNA was obtained from Thermo-Scientific (Pennsylvania, USA) and was transfected into HeLa cells using Lipofectamine 2000 (Invitrogen; New York, USA). The siRNAs against Upf1 have been previously described [6] . SLBP -SBP cells were transfected with the indicated plasmid for 72 h. On the day of analysis, fresh media was placed on the cells for 5 h to promote active growth so that as many cells as possible would be in S-phase. The cells were treated with 5 mM hydroxyurea (HU) for 20 min, lysed using a hypotonic buffer and homogenized with a Dounce homogenizer. The lysates were cleared by centrifugation and used in binding assays. For stable cell lines, the cells were synchronized by double thymidine block and then released into S-phase for 3 h before being treated with 5 mM HU for 20 min. Proteins were isolated as above. For all assays, equal amounts of lysate (between 3 and 9 mg), depending on the expression of the Upf1 protein, were rotated overnight at 48C with 30 ml of Streptavidin-Magnetic Sepharose beads (GE Healthcare; New Jersey, USA). The following day, the beads were washed with hypotonic buffer, boiled in 1Â SDS-PAGE buffer, separated in an SDS-PAGE gel and transferred to PVDF membrane. The membranes were then subjected to immunoblot analysis using the appropriate antibodies.
(d) Histone mRNA decay analysis
For all decay assays, HeLa cells were plated so that they were at approximately 50% confluency on the day of HU treatment. For stable cell lines, the cells were synchronized by double thymidine block and then released into S-phase for 3 h before HU treatment. Otherwise, cells were fed fresh media for 3 h to ensure active growth before HU treatment. On the day of HU treatment, a final concentration of 5 mM HU was added to the plates, and RNA was isolated. One plate was not treated with HU and served as the t ¼ 0 sample. Equal amounts of RNA (5 mg) from each time point were loaded onto a 6% acrylamide/8M ureapolyacrylamide gel, separated, transferred to nylon membrane and submitted to Northern analysis using probes specific for the H2a and 7SK RNAs [17] . Each experiment was repeated at least three times and quantified using a PhosphorImager.
(e) Cell cycle analysis HCT116 cells were synchronized by double thymidine block using 12 h for the first block followed by a 9-h release and a second 12-h block, which we determined was optimal for this cell line. For cell cycle analysis, cells were labelled with 100 mM EdU for 30 min prior to collection. Cells were treated with ALEXA FLUOR 647 Azide to detect the EdU, stained with DAPI and analysed by flow cytometry in the UNC Flow Cytometry Facility.
rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 373: 20180170 (f ) High-throughput sequencing analysis Total cell RNA was prepared and treated with DNase I to remove any contaminating DNA. Libraries were prepared exactly as described [7] . The libraries were sequenced on an Illumina MiSeq and about 1 million reads were obtained for each library. Mapping of the data to the genome and subsequent analysis of the data were done as described [7] . At least two biological replicates of each sequencing experiment were done.
Results
The substrate for the initiation of histone mRNA is the translating histone mRNP associated with ribosomes. This mRNP contains the histone mRNA with the stemloop bound to SLBP and 3 0 hExo (figure 1a). To initiate histone mRNA degradation, we treat cells with DNA synthesis inhibitors to block DNA replication in S-phase cells, which contain the bulk of the histone mRNA. In RNAi experiments, we use exponentially growing cells 3 days after initiating RNAi treatment.
For other experiments, we use either HeLa cells or HTC116 cells synchronized by double thymidine block and inhibit DNA synthesis 3 h after release into S-phase to activate histone mRNA degradation (figure 1b).
(a) The requirement of Upf1 and Smg1 for histone mRNA degradation
The role of Upf1 in histone mRNA degradation is almost certainly to bind to the terminating ribosome, as it does in NMD, as a result of translation termination becoming inefficient for an unknown reason. Upf1 is capable of binding to the 3 0 UTR of histone mRNAs, as shown by the study of Muhlemann and coworkers who used iCLIP to compare binding of Upf1 to mRNAs that are being translated and binding of Upf1 to mRNAs when the mRNAs are released from polyribosomes by puromycin [25] . Upf1 was bound in low levels to the actively translated histone mRNA before it was released from polyribosomes. After releasing the mRNA from polyribosomes, Upf1 binding was substantially increased at the 3 0 UTR of all the replication-dependent histone mRNAs, with the binding extending from the stop codon to the start of the stem loop [26] . Since the histone mRNA released from polyribosomes contains SLBP at the 3 0 end, this result is consistent with SLBP being able to promote binding of Upf1 to the 3 0 UTR of histone mRNA, after it is recruited to the terminating ribosome.
Treatment of cells with inhibitors of DNA replication results in activation of ATR and ATM, PI-like kinases that are activated as a result of DNA damage that occurs as a result of inhibiting DNA replication in S-phase cells [27] . These kinases then phosphorylate targets that result in the arrest of cells in S-phase, activating the S-phase checkpoint. These kinases can also phosphorylate Upf1 [28] . In addition to being present in the cytoplasm where NMD occurs, Upf1 is also present in the nucleus at replication forks and plays an unknown role in the nucleus [28, 29] . In NMD, Upf1 is activated by phosphorylation by Smg1 [30] . To determine which of these PI kinases is critical for activation of Upf1 during histone mRNA degradation, we examined whether Smg1 is required for histone mRNA degradation and determined which domains of Upf1 are required.
We constructed an SLBP transgene in the pGLUE-C vector that adds a CBP (calmodulin binding peptide), SBP (Streptavidin-binding peptide) and HA tag at the C-terminus of the protein [24] (figure 2a) and created a stable cell line expressing the tagged SLBP-SBP, which could be detected with either antibodies to SLBP, SBP or the HA tag. Using RNAi to knockdown Smg1, we observed a similar reduction in the rate of histone mRNA degradation as when knocking down Upf1 (figure 2b). Knockdown of ATR, another member of the PI kinase family also required for histone mRNA degradation, did not affect the levels of Smg1 (figure 2b). Using the SLBP-SBP-expressing cell line, we showed that Upf1 associates with SLBP -SBP only after treatment with HU (figure 2c(i)). Smg1 also associates with SLBP-SBP only after HU treatment, consistent with a Upf1/Smg1 complex being formed on the 3 0 end of the histone mRNA to activate Upf1 (figure 2c(ii)). As a control for these experiments, we tested whether the anti-HA antibody used to precipitate the SLBP -SBP precipitated any Smg1 from HeLa cells not expressing this protein. The amount of Smg1 recruited was clearly over background in multiple experiments, compared to the controls, although the recruitment of Smg1 was not as dramatic as the recruitment of Upf1. Note that these experiments were done by analysing the endogenous Upf1 and Smg1 proteins.
When we knocked down Smg1, we found that SLBP is still associated with Upf1 after HU treatment (figure 2d). Thus, recruitment of Upf1, in an inactive form, to histone mRNA may occur independently from phosphorylation by Smg1. These data are consistent with Upf1 recruitment and subsequent activation being an early step in histone mRNA degradation.
To further determine the requirements of Upf1 for histone mRNA degradation, we created deletion mutants of Upf1 that removed the C-terminal (which is phosphorylated by Smg1) or N-terminal region. A schematic of Upf1 is shown in figure 3a. Both deletion mutants had an HA-TAG at the N-terminus and had both the helicase and RNA binding activity intact. We had previously shown that expression of two HA-tagged point mutants, K498A and R843C, each of which inactivates helicase activity, reduces the degradation of histone mRNA when ectopically expressed in HeLa cells [13] . Expression of the deletion mutants of the N-terminus (215-1129) or C-terminus (1 -984) also reduced the rate of histone mRNA degradation after HU treatment, in the SLBP-SBP-expressing cells, while expression of HA-tagged Upf1 had no effect (figure 3b,c).
We tested whether the mutant Upf1 proteins were recruited to the 3 0 end of histone mRNA. The SLBP-SBP cells were transfected with the four mutant HA-tagged proteins, as well as the wild-type HA-Upf1. Cells were treated with 5 mM HU for 20 min, and SLBP-SBP was isolated by binding to streptavidin beads. The tagged SLBP bound efficiently to the streptavidin beads, while the endogenous SLBP was not bound (figure 3d,e). The two mutant helicase proteins were bound to a similar extent as HA-Upf1 (figure 3d). Note that expression of the HA-tagged exogenous proteins results in overexpression of total Upf1 [13] . The amount of the UPF1 215-1129 deletion, which was expressed at lower levels than the other mutant proteins (figure 3f ), bound to SLBP-SBP (figure 3e) was similar to that bound to HA-tagged Upf1. The proportion of Upf1 recruited to histone mRNA in these experiments was lower than when the experiments were done in cells expressing only endogenous Upf1 and SLBP (figure 2), because only a fraction of the rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 373: 20180170 total SLBP was precipitated with SLBP-SBP and the total amount of UPF1 was increased as result of expression of the tagged Upf1 proteins. The ability of all these mutant proteins to be recruited to the 3 0 end of histone mRNA suggests that they may interfere with degradation by binding to the mRNA, but were not capable of initiating degradation of the histone mRNA. The 1 -984 deletion, which also acted as a dominant negative protein, coprecipitated in low levels with SLBP, and may form a less stable complex with SLBP bound to the histone mRNP. This could be owing to the fact that Smg1 forms a less stable complex with SLBP or does not interact directly with SLBP-SBP or the histone mRNA, and hence may partially dissociate during the immunoprecipitation.
(b) The pathway of histone mRNA degradation is similar when DNA synthesis is inhibited and at the end of S-phase
The ability to isolate cells actively degrading histone mRNA by inhibiting DNA replication in S-phase, or by selecting cells at the end of S-phase, makes it possible to study the changes that take place as the relatively stable histone mRNAs are rapidly degraded either when DNA synthesis is inhibited or at the end of S-phase after completion of DNA replication. We can treat S-phase cells (3 h after release from double thymidine block) with HU to stop DNA replication and activate histone mRNA degradation (figure 4a). To determine whether the same pathway of histone mRNA degradation occurs in the unperturbed cell cycle at the end of S-phase, we allowed the synchronized cells to progress through the cell cycle and analysed histone mRNA levels during the cell cycle by Northern blotting (figure 4b). We also determined the phase of the cell cycle in the same samples by flow cytometry, using EdU pulse-labelling to determine the percentage of cells in S-phase (figure 4c). Based on this analysis, we selected cells 6 h after release into S-phase, when 20-25% of the cells had entered G2, and histone mRNA has been reduced by 25%, for analysis of histone mRNA. We developed a method, End-SEQ, for determining the 3 0 ends of histone mRNAs using a high-throughput sequencing strategy that allows the precise identification of the 3 0 end of the RNA, including the identification of any untemplated nucleotides. The method, which has been described in detail [7] , takes advantage of efficient ligation of a preadenylated linker to the 3 0 ends of all cellular RNAs, followed by reverse transcription primed by a primer complementary to the linker. To enrich for histone mRNAs, primers complementary to the histone cDNAs together with the primer complementary to the linker were used to amplify the cDNA and attach the necessary Illumina linkers and barcodes. Since there are 10-15 different non-allelic genes for each core histone [31] , we simultaneously get data on a large number of different histone mRNAs. The method allows unambiguous detection of a single non-templated nt, as well as longer stretches of non-templated nts, and the precise site in the histone mRNA where non-templated nts were added.
Using this approach, we found that the 3 0 ends of histone mRNAs in S-phase are heterogeneous, ending 3 nts after the stemloop, but that in addition to the encoded ACC, there are also 3 0 ends ending in ACU and AUU. These result from 3 0 hExo, which normally removes 2 nts from the 3 0 end of histone mRNA, occasionally removing one or two additional nucleotides from the 3 0 end (figure 1a,c). When this happens, a terminal uridyl transferase, primarily TUT7, restores the proper length of the 3 0 end to 3 nts after the stemloop [32] . The result is that over 90% of the cytoplasmic histone mRNAs end in ACC, ACU or AUU during S-phase when they are relatively stable (figure 1c). The position of the last templated nucleotide is plotted on the x-axis, and non-templated nts are indicated by different coloured bars as no tails (blue), 1 nt tail (green), 2 nt tails (orange) or more than 2 nt tails (red). More than 95% of the non-templated nts are uridines. In some histone mRNAs, up to 70% of the mature molecules are uridylated, although this varies for individual histone mRNAs [32] . Thus, one function of uridylation is to maintain the proper 3 0 end of histone mRNA during S-phase.
(d) Identifying mRNA degradation intermediates
After activating histone mRNA degradation by inhibiting DNA replication, we can profile the 3 0 ends of the degradation intermediates by high-throughput sequencing, allowing us to deduce the 3 0 -5 0 pathway of histone mRNA degradation. It is important to understand that when histone mRNAs (or any mRNAs) are rapidly degraded, entry of individual molecules into the degradation pathway occurs stochastically. Once a molecule is recruited into the degradation pathway, it is degraded very rapidly, while the other molecules remain unchanged. Thus, after one-half-life, 50% of the molecules have been degraded and the rest still are identical to the initial histone mRNAs present. When the half-life of histone mRNA is short, many more molecules are entering the degradation pathway, and a 'steady-state' distribution of degradation intermediates is formed. We have observed that the pattern of degradation intermediates is similar at all the time points we have analysed. In each experiment, we determine the amount of degradation with a goal of obtaining samples with about 50% of the molecules degraded; we have observed a similar degradation pattern of intermediates when less than 10% of the molecules have been degraded, as when 60-70% of the molecules have been degraded.
The pattern of degradation intermediates allows us to detect 'barriers' to degradation, spots at which intermediates are present in much higher amounts. The first kinetic intermediates we see are intermediates resulting from exonucleolytic degradation by 3 0 hExo, which stalls, resulting in the accumulation of a large number of intermediates into the stemloop. We can display these best by displaying the sequence of the stemloop (figure 4d). These intermediates are heavily uridylated, with many U-tails more than 2 nts, extending in length to 10 -15 nts [23] .
The second kinetic intermediate we see is 15 nts 3 0 of the termination codon, which we attribute to the presence of the stalled terminating ribosome. There are very few intermediates between the stemloop and a site 15 nts 3 0 of the stop codon (figure 4e), where there is an accumulation of large numbers of intermediates. The lack of intermediates between the stemloop and this site indicates that degradation occurs very rapidly through the 3 0 UTR, and we have previously shown this is likely mediated by the exosome [23] . Degradation probably stalls because the exosome encounters the terminating ribosome. There are also intermediates in the coding region that likely represent interactions with other ribosomes on the mRNA, as the 3 0 -5 0 degradation initiates and continues on translating mRNA [23] . These intermediates at the stalled ribosome and in the coding region are also uridylated.
Degradation does not initiate immediately after the addition of the DNA synthesis inhibitor during S-phase. There is a short lag (5 -10 min, likely reflecting the time it takes to deplete the dNTP pools), followed by rapid degradation of the histone mRNA [33] . Our previous studies have all been done by inhibiting DNA replication, typically when cells are in mid-S-phase, 3 h after release from a double thymidine block or in exponentially growing cell cultures. In figure 4a , we show the analysis of the RNA in an experiment where less than 10% of the mRNA has been degraded 20 min after the addition of HU, and 64% has been degraded after 40 min. We analysed the sample 20 min after HU when degradation of histone mRNA has been initiated. Once degradation starts, the half-life of histone mRNA in HeLa cells after HU treatment is about 15 min [13] , while the half-life of histone mRNA in S-phase cells is about 60 min [2, 34] .
We compared the amount and distribution of potential degradation intermediates in untreated cells (figure 4d(i),e(i)) with the cells treated for 20 min with HU (figure 4d(ii),e(ii)). We plotted the percentage of total reads for untreated cells and cells treated for 20 min with HU. Since in this experiment only about 6% of the total histone H2a mRNA has been degraded, the amount of full-length RNA was similar in both samples. In the cells treated with HU, there was a large increase in the number and a change in the distribution of these intermediates. This pattern of degradation intermediates in the stemloop is essentially identical to those previously reported in HeLa cells [23, 32] . In the S-phase cells, there were a small amount of mRNAs ending at positions 5-7 in the stem, most of which had long U-tails. In the S-phase cells, there were also a small number of degradation intermediates 5 0 of the stemloop with a peak of about 15 nts downstream of rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 373: 20180170 the stop codon. Many of these intermediates were uridylated. There was about a 20-fold increase in the amounts of these intermediates, with a clear lack of degradation intermediates between the stemloop and a prominent peak located 15 nts after the stop codon ( figure 4e(ii) ).
We analysed the 3 0 ends of histone mRNAs in the sample taken at the end of S-phase (figure 4d(iii),e(iii)) and compared them with the histone mRNAs in the cells treated with HU for 20 min in mid-S-phase (figure 4d(ii),e(ii)). The same pattern of degradation intermediates was observed in the cells exiting S-phase as in the cells treated with HU, both in the intermediates present in the stemloop (figure 4d) and in the intermediates observed 5 0 of the stemloop, with a prominent peak 15 nts 3 0 of the stop codon ( figure 4e,f ) . There was a similar quantitative difference (large increase) in the number of intermediates observed in the cells entering G2 compared to cells in S-phase cells ( figure 4d(i),e(i) ). Thus, the steady-state pattern of intermediates is similar in both samples, consistent with the same pathway of histone mRNA degradation occurring at the end of S-phase as when DNA replication is inhibited in S-phase.
Discussion
It is critical that the cell be able to rapidly adjust the synthesis of histone proteins to meet, but not exceed, the demands for histones as a result of DNA replication. In mammalian cells, the stemloop at the 3 0 end of histone mRNAs is a critical cis-element for cell cycle regulation, participating in both the biosynthesis of histone mRNA, as well as its rapid degradation. Animal cells have developed a novel pathway for degrading histone mRNAs. The initial signal leading to degradation of histone mRNA is a defect in translation termination, which results in recruitment and subsequent activation of Upf1. The initial removal of nucleotides from the 3 0 end involves the activation of 3 0 -5 0 exonucleolytic decay by 3 0 hExo, an exonuclease that binds specifically to the 3 0 end of histone mRNA and forms a ternary complex with SLBP and the stemloop on the RNA. side of the stem, with no direct interactions with the 3 0 side, and a specific interaction with the G at position 2 of the stem [5] . The base pair at this position is not essential for binding as long as the G at position 2 is present [35] . 3 0 hExo is present because it is degrading the RNA into the stemloop; since it is a distributive enzyme, it likely pauses in the stem, and uridylation may be required for it to continue degradation. Lsm 1-7 is bound to the U-tails on the stemloop, many of which at positions 7 and 9 are long enough to bind Lsm 1-7 [23]. Lsm4 also can bind directly with 3 0 hExo and SLBP [36] . Upf1 and Smg1 are bound to the 3 0 UTR, with Upf1 activated by phosphorylation by Smg1. This model is consistent with all these factors coimmunoprecipitating with SLBP after initiating degradation, at which time substantial amounts of these intermediates have accumulated.
We postulate that the initial step in the degradation of histone mRNA is partial disruption of the SLBP/SL complex, either by activated Upf1 or a modification of SLBP, or both, resulting in the dissociation of the base of the stem (figure 5). Note that in the crystal structure of 3 0 hExo bound to the SL, the bottom three base pairs in the stem are broken, while in the SLBP/SL/3 0 hExo complex, they are intact [5] , suggesting that partially disrupting SLBP binding could open up the stem to degradation by 3 0 hExo. A candidate for causing this disruption is the helicase activity of Upf1, which would allow 3 0 hExo to degrade into the stemloop, and is essential for rapid histone mRNA degradation [13] . The stalling of the 3 0 hExo in the stem results in TUT7 adding long U-tails. TUT7 is associated with the mature mRNP, because it is also primarily responsible for adding short U-tails to the 3 0 end to maintain the proper length of the histone mRNA during S-phase [32] .
The intermediate is likely resolved by the loss of SLBP and 3 0 hExo from the 3 0 end, probably facilitated by the helicase activity of Upf1 and possibly also by the interaction of Lsm4 with the SLBP/SL/3 0 hExo complex [36] . Once this happens, Upf1 dissociates from the complex (following the loss of SLBP), and the exosome can bind and processively degrade the 3 0 UTR until it reaches a terminating ribosome. We do not detect significant numbers of long U-tails added to the single-stranded tail after the stemloop. When we primed cDNA synthesis with a primer ending in three As (so we would only detect U-tails of at least 3 nts long in the HTS analysis), we observed long U-tails predominantly on the Gs at position 7 and 9, suggesting that these may be the major site of Lsm1-7 binding, and few long tails after the stemloop [7] . Thus, our initial proposal that uridylation of the very 3 0 end of the mRNA was critical for initiating degradation is not correct [21] . Long U-tails are only added once degradation has proceeded into the stem. Lsm1-7 bound to either oligo(A) or oligo(U) can promote decapping [37] [38] [39] , and this is the major pathway of mRNA degradation in yeast. Our first approach to detect degradation intermediates was to circularize intermediates (which required that they be decapped). We observed a number of intermediates that were uridylated near the 3 0 end, in the same region as the major degradation intermediate. Thus, clearly some of these intermediates are decapped, and these were being degraded both 5 0 -3 0 and 3 0 -5 0 on the same molecule [21] . It is impossible to tell how many of the intermediates we are detecting in our high-throughput sequencing experiments have been decapped, although a substantial proportion of them are still capped, based on immunoprecipitation with anti-cap antibody [23] . It is certainly possible that decapping ultimately occurs on most molecules, resulting in both rapid 5 0 -3 0 degradation by Xrn1 as well as continued degradation 3 0 -5 0 on the same molecule. The complex on the 5 0 end of histone mRNA has not been well characterized. There is a report that the nuclear cap binding complex, CBP80/20 is bound to much of the histone mRNAs [40] and that this complex contributes to rapid histone mRNA degradation. Since histone mRNAs have relatively short half-lives even in S-phase, and the mRNA is exported from the nucleus bound to CBP80/20, it is certainly possible that a substantial fraction of the histone mRNA may be bound to CBP80/20. The nuclear cap binding protein also promotes NMD initiated as a result of premature termination codons [41] , consistent with a potential role for CBP80/20 in histone mRNA degradation. inefficient termination leading to the activation of histone mRNA degradation. The polyA tail-PABP complex promotes termination of translation and recycling of ribosomes on polyadenylated mRNAs [42] . We hypothesize that SLBP also participates in the termination of translation of histone mRNAs. We think that termination of histone mRNA translation is compromised, possibly through modification of SLBP, leading to inefficient termination that then results in the recruitment of Upf1. The molecular details of the initial change in the translation of histone mRNA remain unknown.
(d) Other specific issues that need to be resolved
How does Upf1 act to allow 3 0 hExo to degrade into the stem of histone mRNA?
The mechanism that results in initiation of degradation by 3 0 hExo is not clear, but probably the interaction of SLBP with the stemloop must be altered, either by SLBP modification or activity of the Upf1 helicase, or both.
How is TUT7 recruited specifically to the histone mRNP? As TUT7 modifies the 3 0 end of histone mRNA when the mRNA is stable, as well as the degradation intermediates, it is likely recruited by the SLBP/3 0 hExo complex bound to the stemloop RNA. The specific sequences in the TUT7 and the SLBP/3 0 hExo that participate in this selective recruitment are not known.
How is the exosome specifically recruited to the degradation intermediate that contains the uridylated stemloop, and which exosome subunit actively degrades histone mRNA?
How is the same degradation pathway activated at the end of S-phase and when DNA replication is inhibited in mid-S-phase? ATR, which is activated when DNA synthesis is inhibited in mid-S-phase, is not activated at the end of S-phase, suggesting that there must be other pathways that result in the same changes to the histone mRNP that activate histone mRNA degradation at the end of S-phase.
(e) Role of uridylation in metabolism of other RNAs Uridylation also plays important roles in the metabolism of other RNAs. It has been most thoroughly studied in miRNAs and pre-miRNAs. Many of these contain non-templated uridines, and in the regulation of the let7 pre-miRNA, addition of a single uridine to the pre-miRNA promotes maturation while the addition of multiple uridines results in the degradation of the pre-miRNA [43, 44] . The switch in uridylation from monouridylation to oligouridylations is caused by binding of Lin28 to either TUT4 or TUT7 [45] . Uridylation clearly plays a critical role in degradation of structural RNAs, such as snoRNAs, in mammalian cells, probably as a quality control mechanism to remove non-functional RNAs. Uridylation triggers 3 0 -5 0 degradation followed by the processive 3 0 -5 0 exonuclease Dis3L2 [46] [47] [48] . A similar pathway degrades mRNAs during apoptosis in mammalian cells [49] . Dis3L2 also degrades the oligouridylated let7 pre-miRNA [50] .
Polyadenylated mRNAs are also uridylated, and these were first detected in fission yeast [51] . Most of the uridylation is on 'deadenylated' mRNAs. The first step in mRNA degradation is the shortening of the polyA tail by deadenylation. This intermediate can be uridylated, usually by the addition of a small number of uridines [52, 53] . Uridylation has been implicated in the degradation of polyadenylated mRNAs in mammals [52] , although its precise biochemical role in degradation is unclear. In plants, rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 373: 20180170 uridylation of deadenylated mRNAs can clearly function to stabilize the deadenylated RNA, restoring it to a size able to bind PABP [54] . In plants, the 5 0 product of cleavage of mRNAs by miRNAs is uridylated and in mammals the 5 0 cleavage product of the Hoxb8 mRNA by miR196 is uridylated [55] . A potential common theme of the variety of uridylations is a difference in function between short U-tails and long U-tails, as in pre-let7 RNA and histone mRNAs. There seems to be a general role for uridylation in degradation of RNAs that have been previously damaged, which may include endonucleolytic cleavage product of mRNAs.
Conclusion
Oligouridylation of histone mRNA is important in maintaining the levels of histone mRNA during S-phase by maintaining a 3 0 nt tail after the stemloop on histone mRNAs. TUT7 and 3 0 hExo activities work together, resulting in the removal of the original templated nts at the 3 0 end and replacing them with uridines [32] . Oligouridylation by TUT7 also plays a role in the rapid degradation of histone mRNA, where extensive oligouridylation occurs on 3 0 -5 0 degradation intermediates, both when degradation is paused in the stemloop, and again when it is stalled by the terminating ribosome. Note that removal of the stemloop will result in inhibition of further translation initiation on histone mRNA, and histone protein production may initially be stopped by inhibition of translation termination on histone mRNA, resulting in activation of 3 0 -5 0 degradation. Regulation of histone mRNA half-life can function to rapidly alter histone mRNA levels. Treating S-phase cells with low levels of DNA synthesis inhibitors to partially inhibit DNA replication results in a reduction in histone mRNA, while treatment with low levels of protein synthesis inhibitors to partially inhibit histone protein synthesis results in a rapid increase in histone mRNA levels [56] , as a result of changing the half-life of histone mRNAs. In each case, the cell is adjusting the rates of DNA replication and histone protein synthesis to optimize the packaging of newly replicated DNA into chromatin. This mechanism likely functions throughout the cell cycle to maintain the balance between histone protein production and the rate of DNA replication. One potential way the cell could determine whether the synthesis of histones is balanced appropriately with DNA replication would be to monitor the amount of free histone protein (not bound to either chromatin or histone chaperones). Ultimately, there must be a signal generated (likely in the nucleus) that then leads to the initiation of degradation of histone mRNA in the cytoplasm.
Data accessibility. DNA sequencing data has been deposited in GEO, Accession no. GSE121461.
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